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Abstract: The polarization and intensity of light scattered by polystylatex (PSL) and
copper spheres with diameters of approximately 100 nm deposited ordn siliostrates
containing various thickness of oxide films were measured usgnm light. The
results are compared with a theory for scattering by arspbre a surface, originally
developed by others [Physical®7, 209 (1986)] and extended to include coatings on the
substrate. Non-linear least squares fits of the theory to thevalises yield results that
were consistent with differential mobility measurements of the padieimeter.
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1. Introduction

Various industries use optical scattering to inspectenads for particulate contaminants,
roughness, and other defettsnspection tools that can distinguish amongst diffetypes of defects can
improve yield management by identifying sources of d@efe The development of optimized inspection
tools is thus aided by the availability of accuratedats for light scattering. With this goal in mind, a
number of theories have been developed to predict thersuatty particles on surfacés? Validation of
those theories, however, has been carried out ardylimited number of cases, and measurements have
been performed primarily using dielectric spheres ae lsabstrate$™*’ Few studies have described
measurements using metallic particles, or particleslielectric films. Metallic particles mimic those
found in many manufacturing environments and providaifstant challenges to the available theories.
Dielectric films are often present on surfaces, amdpifesence of such films can significantly alter the
scattering properties of the particles.

The use of optical scattering to accurately sizereefee particles on surfaces is growtftdf
While approximate theories for scattering can be useplitte the development of inspection tools, it is
essential that accurate theories be available when thesees are being used as the basis for sizing
reference particles. The basis of a complete etatuaf the uncertainties in those measurements
requires that all non-ideal conditions be assesse@\aldated for their effect on the scattering behavior.
The ability to accurately size reference particles @aly be as good as the theories used to intettpeet
scatter.

In this article, we describe measurements of theesoagtof light by polystyrene latex (PSL) and
copper spheres deposited onto oxidized silicon waléfs.use the measurements to validate an extension
of the theory of Bobbert and Vliegerwhich includes the presence of the substrate filltvhile



approximate models are often used to predict soaitéy particles, we point out a few pitfalls that are
encountered with two common approximations. We themfopm a non-linear least-squares fit of the
model to the data to determine the diameters of th&lpa on each substrate. The results show excellent
agreement with each other and with other measurenoéritee particle size. Since the scattering by
copper particles is strongly dependent upon shape, armliisérate oxide thickness when it is very thin,
these results suggest that optical scattering measuatenof particle size can be most accurately
performed when an intentionally grown oxide exists orstiiestrate.

2. Theory

Bobbert and Vlieger (BV) developed a theory for ligtaitsering by a spherical particle above a
planar surfacé. Using spherical harmonics as a basis for an expamdithe Debye potentials, BV
derived the surface reflection matédx Thus, they could self-consistently include the preseof the
surface into the Mie scattering solution for a sph&he only approximation was that the scattered field
was to be evaluated at a large distance from theclgartWhile the original BV theory did not include the
existence of layers on either the substrate or theclgarthe expressions for the matdxwere written
with respect to the Fresnel reflection coefficientshef surface and the Mie scattering coefficients ef th
sphere, and the extension of the theory to include théeeges of any layers is straightforward. The
complete implementation details of the BV theory werscdbed in a previous papérnd the code has
been included in a library of scattering models avkilah the Internef’

Two approximations have been commonly reported in the&. pehe Mie-Surface Double
Interaction (MSDI) model, developed by Nahm and Wdlfgnores the interaction of the sphere with its
image in the substrate. That is, light scatterethbysphere does not contribute to the light incidenhup
the sphere. In the absence of any films, the madehlid when the particle is small, and either the
substrate or the particle has an index close to onembldel can be evaluated using our implementation
by ignoring the interaction of the sphere with its imag the substrate, that is, by setting the near-field
reflection matrixA to zero. Use of the Normal Incidence Approximation (\ldeveloped by Videet’
requires the assumption that, for the calculatiothefreflection matriXA, the reflection coefficients are
independent of angle and are given by their values atatoncidence:r(8) =r(0). The NIA model is
valid when the substrate reflection coefficients aeanstrong function of angle of incidence. Since this
article concerns the scattering by particles above diiefiims, there are regimes where neither the
MSDI nor NIA models apply.

Evaluation of the BV theory requires choosing a maxinspimerical harmonic ordég. For PSL
spheres, convergence is always rapid, converging tofiltse solution whely, = 3. For copper spheres
directly touching a silicon surface without any oxidenwergence is extremely slow, failing to converge
to an acceptable solution fof = 60. Fortunately, the convergence rate is signitigamproved in the
presence of a silicon dioxide layer. For a 1 nm oxioicg, convergence to 1 % of the solution is
obtained for copper spheresipy= 20.

3. Sample Preparation

Silicon wafer substrates were prepared by RCA cle&hifajlowed by dry thermal oxidatiGhfor
films less than 100 nm or by wet thermal oxidatiofor micrometer thick films. The resulting film
thicknesses were measured using spectroscopic ellipyoanel are summarized in Table 1.

Polystyrene latex (PSL) and copper spheres were deposiito the substrates using an
electrostatic precipitator (ESP) with an electreddi(5000 V/cm) between the aerosol stream inlet amd th
wafer. The PSL spheres consisted of the NIST Starieference Material (SRM1963F* and have a



mean diameté? of 100.7 nmt+ 1.0 nm and an estimated standard deviation of gh@uim. The copper
spheres were produced by spray pyrolysis from coppetenand, after electrostatic classification, had a
mean diametét of 100.0 nmt 2.0 nm and an estimated standard deviation of &bButm. Details of the
methodology for obtaining PSL and Cu samples for thmeasurements were described in previous
articles’?® The differential mobility analyz&r (DMA) used for the Cu particle classification was
calibrated by the PSL spheres. The slight differdieteseen the sizes of the PSL and Cu spheres was a
result of that calibration being performed after the depositiodarA field optical microscope was used to
determine the particle number density of deposited copgeicles, but it was difficult to measure the
number density of the PSL spheres because of theirdatiesng intensity. The particle number densities
of copper spheres were between 250 frand 500 mrif. The PSL number densities obtained from fits to
the data were approximately 4000 MnThe complex indices of refraction of PSL, coppéigai, and
silicon dioxide for the model calculations were assdrto bé®2°1.598, 1.06 + 2.594.15 + 0.0 and
1.461, at wavelength = 532 nm.

4. Optical Scattering M easurements

The goniometric optical scatter instrument, whichswesed to perform the light scattering
measurements, is described in detail elsewldrimear polarized light of wavelength= 532 nm from a
doubled Nd:YAG laser was incident onto each samplanaangledq from the surface normal. The
scattered light was analyzed as a function of polgtead and azimuthal angle for its intensity and
polarization state by a rotati?j4 retarder followed by a fixed polarizer. Measuretaevere performed
for samples with deposited particles, and othervdeatical withess samples having identical films but no
particles. The scattered Stokes vector intensity frenpémticles was assumed to be

q)r = q)r,particle - (I)r ,witness (1)

where ® was the Stokes vector intensity measured from the particleezbgample, an@®, ;. ..

was the Stokes vector intensity measured from the witness esaiii@ differential scattering cross
section is given by

r,particle
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where @, is the first (intensity) element of the StokesteesP, , ®, is the measured incident power,

Q is solid angle of collection, andis the surface number density of particles. Treedent light was
polarized 48 from the plane of incidence to yield high polartriee differentiation among different
samples. Measurements are presented in the plamecidénce for a fixed incident anglg = 6C,
scanning the viewing angl®. The polarization state of the light is parametetiby its principal angle
of polarizations, its degree of circular polarizatid?,, and its total degree of polarizatiéh With
respect to the Stokes parameters, these parameteys/en by:

7 :%arctan@r,l ) (3a)

R=0,/®, (3b)



P=(d 2+d 2+0 2/ (3¢c)
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The angler7 is measured from s-polarization in a right-handegshion (counterclockwise, looking into
the beam). The value &% is positive for left-circularly polarized light. 8/show the normalized degree
of circular polarizatiorPc/P because some depolarization was observed. Theafipeah value is more
appropriate to compare to theory, since all ofttieories predicP = 1. While a complete uncertainty
analysis has not been performed for these measntgnibe uncertainties inatQ, 7, Pc, andP are
expected to be dominated by statistical sourcesande estimated by the point to point fluctuation
the observed data.

While we have subtracted the signal of a witnestemfiom the experimental data, we do not
show results in directions where the witness waignal is close to or greater than that of theigart
signal. For example, near the specular directidh a6, scatter is dominated by surface roughness and
flatness rather than the particles. Experimerd#a dre also not shown for large scattering an{fles>
60°, because the scattering was found to be domirmtdzhckground sources. In all measured data, we
observed some depolarization, which may be the swdbresult of incomplete subtraction of the
background signal, the finite width of the partisiee distribution, non-sphericity of the parti¢lesultiple
scattering from particles, or from foreign partgcle

5. Results and Discussion

The approximations used in a number of other ssubave shortcomings when applied to the
scattering of particles above substrates with ogati For example, the NIA model assumes that the
reflection coefficients of the surface are indemamdof angle and equal to those evaluated at normal
incidence. For coated surfaces, the reflectiorfficamts can be a strong function of angle. Fatallic
particles, which can exhibit strong near field trad fields, the reflection coefficients obsenbsdthe
particle extend far beyond those evaluated at narmoi@ence. Figure 1 shows comparisons of the MSD
model, NIA model, and the BV theory for a 100 nnpmer sphere on a silicon wafer having a 160 nm
SiO, film. The particular film thickness used in Figwas chosen because it illustrates an extreme
condition. The normal incidence reflectance ofgbbstrate is close to that of the bare substite BV
theory and the NIA model differ significantly. ladt, the MSDI model, which completely ignores the
interaction of the sphere with the substrate attogye agrees much better with the BV theory. Foy ve
thin oxides, the MSDI model tends to fail, while thicker oxides, the NIA model tends to fail. the
remainder of this article, the complete BV theoily e used.

One purpose of this study was to test the validitthe extension to the BV theory for scattering
by spherical particles on substrates with dielediiins. Figures 2 and 3 show light scattering pseters
measured in the plane of incidence usinggdarized light of wavelength = 532 nm for the PSL and
copper spheres, respectively, each on three fisssthan 100 nm thick. The absolutéd® for the data
was adjusted by a constant factor for each datawdeth accounts for the uncertainty in the pagticl
number density. Both particles produced excebgmeéement with the BV theory for the polarizatiowl a
differential scattering cross section.

Interestingly, the results of the scattering patanseshow similar trends as those observed when
the particle size is varied. Figure 4 shows a detnation of the correlation between particle sine
substrate film thickness. The calculated scatteoyn@ 100 nm copper sphere above an 18 nm oxide was
non-linear least squares fitted to the theory fouaknown diameter copper sphere above a 1.5 ndeoxi
letting the unknown copper sphere diameter andvarab scaling of the cross section be free pararaet
The resulting best fit yielded a diameter of 119 f@amd a relative scale factor of about 0.6), shgvan



approximately 1:1 sensitivity of oxide thicknesssfuhere diameter. While the fit shown in Fig. s
perfect, the similarity between the curves demaiesrthe importance of independently determinirg th
oxide thickness in particle size measurements.

In addition to measurements with thin oxides, wso gberformed measurements with thicker
oxides. Figures 5 and 6 show the results of liglatttering by PSL and Cu spheres on 2077 nm and
2086 nm films, respectively. The overall agreenwdrihe data with the BV predictions is excelleiihe
results show significantly more structure than ¢hos thin films, due to constructive and destréctiv
interference in the thick film.

In order to assess the use of the scatter measuenoedetermine particle size, we performed
non-linear least square fits of the data to thetB&bry. For these calculations, a weighted Levegpbe
Marquardt algorithm was used, letting the densitg particle diameter be free parameters. The weight
were determined by estimating the uncertainty ichedata point, and curvatures of the estimated chi-
squared were used to determine uncertainties ifitthe These methods are outlined in Ref. 31. s€he
uncertainty estimates, however, do not represecbraplete estimate of the systematic measurement
errors, but only those which result from the stiaté errors. In a previous study, it was dematstt that
significant systematic errors can result from utaisties in the optical properties of the substeate film,
the thickness of the film, uncertainty in the shabehe particles, presence of doublet particles a
polydispersity of the particle size distributibh.In these measurements, the incident angle, patan,
and wavelength were not optimized to obtain thetraosurate measurement of particles of this size.

Fits were performed on each parameter/dQ, Pc, and ;) separately and on all of them as a
whole. Table 2 shows a summary of the resultshetd fits. Nearly all of the fits yield values in
reasonable agreement with the size determinedfteyatitial mobility analysis, when the uncertaistae
taken into consideration. Some of the fits yielthede estimated uncertainties, such as most oetfars
Pc, and the uncertainties were reduced substanbiglligcluding all of the scattering parameters i fits.
Furthermore, there were no significant trends @ uhcertainty or the best-fit diameter as film khiess
was varied, except to note that values farthest fftte mean were generally from the samples witl anl
native oxide. Fits to single parameters sometinigslgd large uncertainties when the film thickness
such that that parameter was relatively insensitove&liameter. The weighted average and weighted
uncertainty” of the diameter when all of the parameters werevdis 102.0 nm + 1.4 nm for the PSL
spheres and 99.9 nm + 1.2 nm for the Cu spherbs.quiality of the fits and their overall agreemeith
the size determined by differential mobility an&ysupports the accuracy of the model calculations.

6. Conclusion

Polarized light scattering by PSL and copper sghereoxidized silicon surfaces was measured
and the results were compared to the predictiortseotheory of Bobbert and Vlieger. We show that t
scattering depends upon the film thickness. Faurate particle sizing, the film thickness must be
independently determined, since there is a stronglation between film thickness and estimatedigar
size. Results of non-linear least squares fitsingw improved uncertainties can be obtained bnditthe
entire differential cross section and polarizastate simultaneously.
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Table 1. Oxide growth conditions and resulting film thickees
Film Thickness (nnf)

Growth condition

For PSL For Cu
900°C for 23 min (Dry Q) 18+ 2 18+ 2
1000°C for 18 min (Dry Q) 45+ 1 40+ 1
1000°C for 60 min (Dry Q) 66+ 1 65+ 1
1100°C for 6000 min (Wet ¢ 2077+ 1 2086+ 1

Dry Oz: Oxygen flow rate = 7 L min
Wet G: Oxygen flow rate = 0.15 L mih and hydrogen flow rate = 0.10 L rifin
#See Note 25.

Table 2. Results of non-linear least square fits of the B)ory to the data. The
uncertainties represent an estimate of the standarertainty of the fitting parameters.

PSL 100.7 nm Cu 100.0 nm

Film Fitting Estimated Film Fitting Estimated

Thickness Diameter Thickne Diameter
Parameter Parameter
(nm) (nm) ss (nm) (nm)

Native do/dQ 105.5+ 1.8 Native do/dQ 102.2+ 0.6
Oxide Pc 109.8+11.4 Oxide Pc 106.8+ 3.1
(1.5) n 102.4+ 17.8 (1.5) n 102.4+ 8.3
All 102.6+ 0.8 All 102.5+ 0.3

do/dQ 103.5+ 1.9 do/dQ 97.7+ 15
18 Pc 106.2+ 10.7 18 Pc 100.6+ 11.4

n 103.2+ 6.6 n 98.8+ 6.6

All 102.3+ 0.4 All 99.0+ 0.4

do/dQ 101.1+ 15.5 do/dQ 99.7+ 7.4
45 Pc 101.1+ 16.5 40 Pc 111.9+ 18.6
n 98.4+ 15.3 n 109.9+ 18.0

All 99.1+1.0 All 100.0+ 1.4

do/dQ 98.2+ 9.7 do/dQ 98.7+17.8
66 Pc 115.7+ 22.3 65 P 102.1+ 27.8
n 115.8+ 25.0 n 97.4+ 24.5

All 100.0+ 3.5 All 99.4+ 27

do/dQ 100.9+ 2.8 do/dQ 101.1+ 2.4
Pc 102.1+ 30.3 Pc 104.0+ 21.3

2077 n 100.7+£51.8 2086 n 99.6+ 6.4

All 101.0+ 2.6 All 99.8+ 0.4
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Fig. 1. Light scattering parameters for a 100 nm coppeespbn a silicon substrate having
160 nm SiQ film predicted by the MSDI model, NIA model, aritetBV theory in the plane
of incidence withd = 60° andA = 532 nm.

6 (deg)
Fig. 2. Light scattering parameters for a 101 nm PSL sploere silicon substrate with
18 nm, 45 nm, and 66 nm Si@lms measured in the plane of incidence wih 60° and
A =532 nm. The curves represent the predictionkeoBYV theory.
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Fig. 3. Light scattering parameters for a 100 nm coppeerspln a silicon substrate with
18 nm, 40 nm, and 65 nm Si@lms measured in the plane of incidence wihk 60° and
A =532 nm. The curves represent the predictionkeBV theory.
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Fig. 4. Light scattering parameters for a 100 nm coppeesplbn a silicon substrate with
18 nm SiQ film calculated in the plane of incidence with=6C¢ and A =532 nm.
Comparison of the scattering parameters is made the# scattering by a 119 nm copper
sphere on a silicon substrate with 1.5 nm nativieleox The cross section for the 119 nm
copper spheres has been multiplied by a factorf 0
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Fig. 5. Light scattering parameters for a 101 nm PSL splwer a silicon substrate with

2077 nm SiQ films measured in the plane of incidence witlk- 60° andA = 532 nm. The
curves represent the predictions of the BV theory.
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Fig. 6. Light scattering parameters for a 100 nm coppéespon a silicon substrate with

2086 nm SiQ films measured in the plane of incidence witlk- 60° andA = 532 nm. The
curves represent the predictions of the BV theory.
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